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Abstract 
This study utilises geochemical provenancing of silcrete raw materials, in combination with 
chaîne opératoire analyses, to explore lithic procurement and behavioural patterns in the northern 
Kalahari Desert during the Middle Stone Age (MSA). New data from the sites of Rhino Cave, Corner 
Cave, and ≠Gi in northwest Botswana, combined with earlier results from White Paintings Shelter, 
reveal that the long distance transport of silcrete for stone tool manufacture was a repeated and 
extensively used behaviour in this region. Silcrete was imported over distances of up to 295 km to all 
four sites, from locations along the Boteti River and around Lake Ngami. Significantly, closer known 
sources of silcrete of equivalent quality were largely bypassed. Silcrete artefacts were transported at 
various stages of production (as partially and fully prepared cores, blanks, and finished tools) and, 
with the exception of ≠Gi, in large volumes. The import occurred despite the abundance of locally 
available raw materials, which were also used to manufacture the same tool types. On the basis of 
regional palaeoenvironmental data, the timing of the majority of silcrete import from the Boteti River 
and Lake Ngami is constrained to regionally drier periods of the MSA. The results of our investigation 
challenge key assumptions underlying predictive models of human mobility that use distance-decay 
curves and drop-off rates. MSA peoples in the Kalahari appear to have been more mobile than 
anticipated, and repeatedly made costly choices with regard to both raw material selection and items 
to be transported. We conclude that (i) base transport cost has been overemphasised as a restrictive 
factor in predictive models, and (ii) factors such as source availability and preference, raw material 
quality, and potential sociocultural influences significantly shaped prehistoric landscape use choices. 
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Introduction 
Studies of the distance over which lithic raw materials were transported from source to site form 
the foundation of our understanding of patterns of early human mobility through prehistoric 
landscapes. Mobility is influenced by a wide range of physical, socioeconomic, and sociocultural 
factors (see Table 1 and references therein). The ability to identify specific sources of raw material 
can yield data on both how far and where our ancestors travelled to obtain raw materials. When 
such information is combined with lithic analyses, it then becomes possible to gain insights into 
time-specific resource procurement and transport strategies. The most accurate means of 
determining source locations is through geochemical provenancing of lithic raw materials. A range 
of stone types have been used successfully in provenancing studies, including obsidian (e.g., 
Shackley, 1995; Roth, 2000; Negash and Shackley, 2006; Vogel et al., 2006; Eerkens et al., 2007; 
Negash et al., 2007; Morgan et al., 2009; Phillips and Speakman, 2009; Smith, 2010; Smith and 
Kielhofer, 2011; Ambrose, 2012; Freund, 2013), chert (e.g., Thacker and Ellwood, 2002; Evans et 
al., 2007; Milne et al., 2009; Parish, 2011; Gauthier et al., 2012; Speer, 2014; Boulanger et al., 
2015), flint (e.g., Moroni and Petrelli, 2005; Navazo et al., 2008; Olofsson and Rodushkin, 2011; 
Ekshtain et al., 2014), dolerite (e.g., Gallello et al., 2016), quartzite (e.g., Pitblado et al., 2013), and, 
recently, silcrete (Nash et al., 2013a,b).  
Studies using geochemical provenancing approaches have revealed, amongst other insights into 
early human behaviour, that Middle Stone Age (MSA) people in East and southern Africa were 
highly mobile and procured raw materials over distances of at least 220 km (e.g., Ambrose, 2001b; 
Negash and Shackley, 2006; Nash et al., 2013a). However, in many investigations, the analysed 
sample size is small (e.g., McBrearty, 1981, 1988; Merrick and Brown, 1984; Mehlman, 1989; 
Tykot, 2003) or limited to a specific tool type (e.g., Jones et al., 2003 [see Andrefsky, 2009 for a 
critique of this approach]; Smith, 2010). This impedes the formulation of broader observations or 
interpretations regarding the human behaviours linked to mobility. Other studies (e.g., 
Blumenschine et al., 2008; Monnier and McNulty, 2010; Brown, 2011; Porraz et al., 2013b) have 
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attempted to match archaeological artefacts to potential lithic sources through a comparison of hand 
specimen characteristics (e.g. grain size, degree of cementation, level of translucence, type of 
cortex, colour, and the presence of rinds, patches, or specks in other colours). However, as noted by 
several studies (Tykot, 2003; Andrefsky, 2009; Nash et al., 2013a; Boulanger et al., 2015), this 
approach can be unreliable and may lead to the misidentification of prehistoric quarries, and hence 
transport distances, with implications for the interpretation of raw material procurement patterns.  
Stone procurement patterns further form the basis for models of lithic reduction distance-decay 
curves, tool use/discard and retouch/recycling rates, planning depth, risk avoidance, and repeated 
behaviours indicating choice or preference (Table 1). These models, in turn, have been used to infer 
behaviours such as foraging range, territoriality, regional interaction, and seasonal or group cycles. 
The majority of models (e.g., see Brantingham, 2006 for summaries; Aubry et al., 2012; Browne 
and Wilson, 2013; Clarkson and Bellas, 2014) are founded upon two key assumptions, namely that 
(i) the closest raw material source would have been exploited for tool manufacture first, and (ii) all 
available sources would have been utilised. However, these assumptions have yet to be tested 
rigorously. Alternative scenarios have been proposed, whereby sociocultural features such as 
taboos, ancestral ties, resource ownership, colour preference, sources of power, raw material choice 
as a cultural marker, symbolic connotations tied to specific quarries, and knapping properties 
influenced both the choice and availability of procurement sites (Table 1). 
In this study, we explore the validity of the key assumptions influencing present models of 
human mobility, through an analysis of lithic procurement and behavioural patterns at four MSA 
sites in the Kalahari Desert of northwest Botswana. Specifically, we utilise the novel combination 
of geochemical provenancing and chaîne opératoire investigation introduced by Nash et al. (2013a) 
to: (i) identify areas where MSA peoples acquired silcrete for tool manufacture; (ii) establish how 
far silcrete was transported from source to site; and (iii) assess whether stone was imported as raw 
material blocks, blanks, or prepared or partially prepared tools. We present new data for three sites: 
Rhino Cave and Corner Cave (both Tsodilo Hills), and ≠Gi, a pan site near the Aha Hills (see Fig. 
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1). These are compared against similar data from White Paintings Shelter, also at Tsodilo Hills 
(Nash et al., 2013a; Staurset and Coulson, 2014). The open setting of the northern Kalahari Desert, 
with its flat terrain, limited number of rock outcrops, and easily ‘read’ landscape, is ideally suited 
for this type of study. Combined, the results from these sites permit the mapping of prehistoric 
mobility on an unprecedented scale for southern Africa and challenge longstanding ideas about 
foraging strategies and resource procurement.  
 
Background to study sites  
Rhino Cave 
Rhino Cave (RC) is located high on the northernmost ridge of Female Hill in the Tsodilo Hills 
(Fig. 1 inset). The interior of the cave is formed by a narrow fissure in the quartzite host-rock, and 
the present floor area of approximately 22 m² is covered with thick aeolian deposits (Fig. 2a). The 
site, first excavated in the mid-1990s, contained a wealth of struck stone materials predominantly 
attributable to the MSA (Robbins et al., 1996a, 2000b). The initial excavations consisted of four 
consecutive 1 m² squares positioned across the cave and dug to a maximum depth of 180 cm (Fig. 
3). In the mid-2000s, new investigations were initiated to address a number of unresolved questions 
regarding the earlier MSA finds. As part of these studies, a single excavation unit positioned further 
into the cave was dug to a depth of 185 cm (Coulson et al., 2011). The combined investigations 
yielded an exceptionally rich MSA assemblage, in excess of 30,000 artefacts, containing a large 
number of diagnostic MSA points (n = 149 still available for study). Some 60% of diagnostic 
artefacts were made from non-locally acquired chert and silcrete, with the remainder consisting 
chiefly of locally available quartz and quartzite (Robbins et al., 2000b; Coulson et al., 2011; 
Staurset, 2014).  
In both sets of excavations, the sediment was identified as consisting of brown aeolian sand with 
varying amounts of angular gravels. However, the excavated strata (Fig. 3a) have been reported 
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somewhat differently (Robbins et al., 2000b; Coulson et al., 2011). In the initial excavations, the 
archaeological units were wedge-shaped, sloping, and appeared to be clearly divided (Robbins et 
al., 1996a, 2000b). In comparison, the more recent excavation revealed only one gradational 
stratigraphic divide, and the slope of the units was much less pronounced (Coulson et al., 2011). 
The MSA component was encountered at different depths: at 15–120 cm below surface in the 1990s 
investigations, and at 70–115 cm below surface in the more recent excavations. In both excavations, 
MSA material was still being recovered at the bottom of the pits. As the two excavations are very 
close, the contrasting sediment stratigraphy is surprising, and may indicate either differences in 
methodology or localised variation in cave taphonomy. Direct dating of the MSA layers at RC by 
the initial excavators proved difficult, necessitating a typological comparison to the MSA 
components of White Paintings Shelter (dates of 66.4 ± 6.5 and 94.3 ± 9.4 ka; Robbins et al., 
2000a) and ≠Gi (77 ± 11 ka; Brooks et al., 1990).  
Corner Cave 
Despite its name, Corner Cave (CC) is a rock shelter, situated on the southernmost end of Male 
Hill in the Tsodilo Hills (Figs. 1 and 2b). It is a small enclosure, filled with quartzite-schist slabs on 
which are found over 260 circular cupules (Walker, 2008, 2010). There is very little space inside 
the shelter, making the interior an unlikely candidate for habitation, especially as there are a number 
of other suitable overhangs and rock shelters in the immediate vicinity. In 2002–2003, two 
adjoining 1 m² test squares were excavated in 5 cm mechanical layers directly in front of the 
opening of the shelter and the main cupule area. Here, an upper sandy deposit, with scant Later 
Stone Age (LSA) finds, overlay coarse sands and gravels containing an assemblage of materials 
assigned to the MSA on the basis of characteristic points (n = 11) and technology. Between these 
layers, an intermixed zone was encountered between 45–60 cm below surface (Coulson and 
Walker, 2002; Figure 3b). The total number of lithic finds was 5137, including prolific shatter from 
locally available quartz, together with locally available quartzite and non-locally acquired chert and 
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silcrete. Chert and silcrete together comprised c. 25% of the assemblage (Staurset, 2014). As yet, no 
dates are available from this site.  
≠Gi 
≠Gi is a pan edge site c. 7 km north of the Aha Hills and less than a kilometre from the Namibian 
border (Figs. 1 and 2c). Excavated in the 1970s (Brooks and Yellen, 1977; Brooks, 1978; Helgren 
and Brooks, 1983), ≠Gi was the first Stone Age site in Botswana to be thoroughly investigated and 
subsequently dated (Brooks et al., 1990). Although over 100 m² were excavated, this is estimated to 
be less than 20% of the total area of the site (Helgren and Brooks, 1983).  
The stratigraphy of the site comprised LSA (units 1A-2B on Fig. 3c) and MSA (units 4–5) layers 
and an intermediate industry. Importantly, the upper MSA layer was capped by a 20–60 cm thick 
limestone unit (Helgren and Brooks, 1983), sufficiently indurated to require a pneumatic breaker 
drill during excavation (Kuman, 1989). This supports strongly the integrity of the divide between 
the MSA and LSA assemblages. The top of unit 4, immediately beneath the limestone, was 
thermoluminescence (TL) dated to 77 ± 11 ka (Brooks et al., 1990), arguably the most secure of the 
extant Botswana MSA age estimates.  
Some 26,000 lithic finds (including 597 MSA points) were excavated from units 4 and 5 
(Kuman, 1989). The raw material was chiefly chalcedony (69–71%) and chert (20%), with minor 
quartz, silcrete, and quartzite components (Kuman, 1989). Chert, jasper, chalcedony, and quartzite 
are reported to occur in both tabular form in local outcrops and in medium to large size cobbles in 
the conglomerate below the MSA horizons (Brooks et al., 2006). However, based on the high level 
of curation and recycling of artefacts by MSA peoples, it was suggested that the lithic raw material 
sources had not been immediately accessible, but were situated within a 100 km radius of the site 
(Kuman, 1989). The MSA assemblage from ≠Gi exhibits strong technological similarities to that of 
RC in terms of both point production techniques and blank manufacture (Coulson et al., 2011; 
Staurset, 2014). 
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White Paintings Shelter  
 
As the results of geochemical provenancing and the analysis of lithics from White Paintings 
Shelter (WPS) are used for comparative purposes in this study, the site is described only briefly 
here. WPS is situated midway along the western side of Male Hill at Tsodilo Hills (Fig. 1). A 7 m 
deep sedimentary sequence was excavated during the late 1990s (Murphy, 1999; Robbins et al., 
2000a), with the 3 m deep MSA component of the deposits yielding c. 7500 lithic artefacts. The 
MSA sediments have been optically stimulated luminescence (OSL) dated to 66.4 ± 6.5 and 94.3 ± 
9.4 ka, with a suggested basal deposit age in excess of 100 ka (Ivester et al., 2010; Robbins and 
Murphy, 2011). However, recent refitting analyses (Staurset and Coulson, 2014) have identified 
considerable vertical and lateral movement of artefacts within the MSA sequence and, hence, raised 
doubts about the reliability of the dates and chronology. Some 55% of the excavated MSA artefacts 
were made from non-locally acquired chert and silcrete, with the remainder manufactured using 
locally available quartz and quartzite (Robbins and Murphy, 1998, 2011; Murphy, 1999; Robbins et 
al., 2000a; Donahue et al., 2004).  
 
Materials and methods 
Central to the success of any raw material provenancing study is the geochemical 
characterisation of both potential quarry sites and archaeological artefacts. This section outlines the 
methods used to develop these geochemical datasets, together with the statistical approach used in 
their subsequent analysis. Integral to this process is the selection of artefacts for sampling based on 
a chaîne opératoire investigation, also described here.  
Details of silcrete geochemical database 
For the purposes of this study, the database of silcrete chemistry included as supplementary 
material within Nash et al. (2013a) was utilised to characterise potential quarry sites. This dataset 
incorporates analyses of 86 samples from silcrete sites across northwest Botswana and northeast 
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Namibia. The geographical distribution of sampling sites (Fig. 1) is described in detail by Nash et 
al. (2013a) and is, therefore, only outlined here. Note that we use the term ‘site’ here and 
throughout the paper to describe specific silcrete outcrops and ‘locality’ for larger areas of silcrete 
occurrence containing multiple outcrops.  
All silcrete localities within an approximately 150 km radius of Tsodilo Hills were sampled 
during an extensive field campaign in August 2011, including localities along the Okavango River 
and within the Xaudum fossil valley. ≠Gi lies at the westernmost edge of this area. Samples were 
collected additionally at multiple sites within the extensive silcrete localities along the Boteti River 
and around Lake Ngami to the south of the Okavango Delta (Mallick et al., 1981; Shaw and Nash, 
1998). All sampling sites were in primary context; unlike the Cape coastal zone of South Africa, the 
extremely low gradient of the Kalahari landscape precludes the large scale erosion of outcrops and, 
hence, the development of secondary sources at distances from their origin. Sites were foot-
surveyed prior to sampling, with normally at least three samples taken from each outcrop. For larger 
outcrops, multiple representative profiles were first logged and then sampled. In the rare instances 
where silcrete occurred as a scattered deposit, sites were foot-surveyed to determine the range of 
silicified material present, with representative material then sampled. A GPS reading was taken at 
each site.  
The 2011 field campaign was founded on a review of previous literature, plus the benefit of local 
knowledge developed over the course of 20 years’ field-based research into Kalahari duricrusts by 
the lead author. It encompassed all major topographic lows in northwest Botswana and northeast 
Namibia where silcrete was likely to outcrop—namely within the fossil valleys west of the 
Okavango Delta, along the Okavango Panhandle and River as far west as Rundu in Namibia, 
around the southern flank of Lake Ngami, and along the course of the Boteti River as far east as 
Xhumaga. The survey did not include the dune-covered areas between the fossil valleys west of the 
Okavango Delta. Silcrete has not been documented in these areas, and is unlikely, on the basis of 
our current understanding of non-pedogenic silcrete formation (cf. Nash and Ullyott, 2007), to have 
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developed there. Further, as Nash et al. (2013a) note, if any silcrete is present within the dunefield, 
it is likely to have remained buried beneath tens of metres of dune sediments for the duration of the 
MSA. Similarly, the Okavango Delta itself was not explored. Despite extensive field research by 
Spike McCarthy and colleagues from the University of the Witwatersrand over the last 30 years, 
only weakly-developed incipient (i.e., early stage) silcrete formation has been identified at depth 
within Delta sediments (e.g., McCarthy and Ellery, 1985). Certainly, there are no surficial or 
shallow-buried outcrops of the sorts of indurated material required for stone tool manufacture 
anywhere within the area covered by Okavango Delta sediments at the present day. As a result, we 
consider it highly unlikely that we have missed any major silcrete localities. 
In addition to geochemical analyses (described below), each of the 86 silcrete raw material 
samples was analysed in thin-section in order to determine a variety of petrological characteristics. 
These included the size range of incorporated mineral grains, the nature of these grains, the type and 
configuration of silica cements, and the diagenetic history of the material. This information was 
used to assess whether there were any spatial differences in silcrete fabrics and cement types that 
might influence their knapping properties and, hence, their potential use by MSA peoples.  
Field archaeological investigations 
As described in Nash et al. (2013a), a surface archaeological survey was conducted around each 
of the identified silcrete outcrops to establish whether sites were known and potentially used in 
prehistory. This survey included the identification of (i) any technologically distinct and, therefore, 
diagnostic lithic artefacts from the various Stone Age periods that may be present, (ii) evidence for 
the working of raw material, and (iii) any ‘jettisoned’ tools (Meltzer, 1989) that were manufactured 
in silcrete or other raw materials not found in that outcrop. No artefacts were collected and no 
excavations were undertaken. All silcrete sampling sites where diagnostic MSA finds were also 
identified are indicated by infilled symbols on Figure 1. 
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Selection of archaeological samples from Rhino Cave, Corner Cave, and ≠Gi  
In order to match artefacts from RC, CC, and ≠Gi to their potential sources, silcrete 
manufacturing waste flakes from the extant collection of archaeological materials for each site, 
housed at the Department of National Museum and Monuments, Gaborone, were sampled for 
geochemical analysis.  Silcrete samples from CC and RC were selected following the same criteria 
and methods used previously at WPS (Nash et al., 2013a), in conjunction with a comprehensive 
chaîne opératoire study of the Tsodilo Hills MSA assemblages (Staurset, 2014). To ensure 
representativeness, two factors were considered: (i) the types of silcrete present in the assemblages, 
and (ii) the horizontal and vertical distribution of potential samples. The first of these factors was 
based on separating the lithics into raw material groups, with the aim of identifying artefacts likely 
to originate from the same block of raw material. This was done by initially separating all silcrete 
artefacts from the MSA layers, including debris, blanks, cores, and tools. These were then sorted 
into type groups and subgroups based on hand specimen characteristics, specifically grain size, 
degree of cementation, level of translucence, type of cortex, colour and presence of rinds, patches, 
specks, or patterns in other colours (see Supplementary Online Material [SOM] Tables S1-S2; see 
also Nash et al., 2013a). This proved to be relatively straightforward, as the silcretes from RC and 
CC are varied and often highly distinctive. The groups were then confirmed and refined through a 
chaîne opératoire study that included targeted refitting, before being checked by experts on 
Kalahari silcrete (lead author and contributor MB). Note that these groups were established to 
ensure that archaeological samples were representative and embedded in local production 
sequences, not as a means for provenancing silcrete based on visual characteristics.  
After raw material groups were established, specimens were chosen to represent the variability 
within each of the type groups, with more samples included from groups with larger numbers of 
artefacts or greater variability. Finally, samples were selected to reflect as broad a horizontal and 
vertical spread as possible. At both sites, but particularly at CC, there was a component of 
silcrete/chert composite material; usually a silcrete matrix with 1–4 mm glassy patches (SOM Table 
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S1), which was included in this study. In total, 22 silcrete groups and subgroups were identified in 
the RC assemblage (see SOM Table S2) and 13 groups and subgroups in the excavated material 
from CC (SOM Table S1). 
In addition to the 22 main silcrete groups, the RC assemblage further comprised many small 
groups (n ≤ 4) of silcrete artefacts. Often comprising 1–2 tools, large flakes, or blanks, these groups 
were so characteristic that if any additional material had been present in the excavated area, this 
would have been readily identifiable. However, at both sites, silcrete was imported at various stages 
in the manufacturing process: as partially prepared tools, blanks, cores, and larger blocks of raw 
material. The main production strategy in all groups was the production of MSA unifacial and 
bifacial points, chiefly on blanks produced by discoid, Levallois, or Kombewa technology. 
Only artefacts that clearly belonged to silcrete type groups with MSA technological 
characteristics were considered for sampling. As CC is undated, the dating of RC is less secure, and 
subsurface artefact movement has been documented at WPS (Staurset and Coulson, 2014), 
particular care was taken to exclude any LSA artefacts. This separation was fairly straightforward, 
as the minor LSA components at both CC and RC chiefly comprise tools and debris from the 
production of characteristic microlithic points and thumbnail scrapers (Robbins et al., 2000b; 
Coulson et al., 2011; Staurset, 2014). Silcrete was rarely used for these purposes. The LSA 
microblade and bipolar technology differs markedly from MSA lithic production, and can be 
identified on debitage. A total of 26 silcrete artefacts were selected from CC (Fig. 4; Table 2) and 
18 from RC (Fig. 5; Table 3) for geochemical analysis; the approximate stratigraphic position of 
each artefact is indicated on Figure 3. As the process used for geochemical analysis is destructive, 
the number of samples was kept to a minimum to ensure the integrity of the archaeological 
collection for future research.  
The sample selection process for ≠Gi differed to that used for the Tsodilo sites. As only a sample 
of the debris was retained from this site during excavation, a similar raw material study was not 
feasible. Instead, silcrete artefacts from the MSA layers (units 4 and 5 on Fig. 3c) were identified, 
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and candidates selected to reflect hand specimen characteristics present across the range of 
available tools, cores, and debris. Of the 35 artefacts initially selected, 24 were deemed suitable for 
final analysis. The final samples are shown in Figure 6, with full details of each artefact given in 
Table 4. Although present in all layers, silcrete was a much less common raw material at ≠Gi 
compared to the Tsodilo Hills MSA sites.  
During sample selection from all assemblages, only manufacturing waste flakes or flake 
fragments were considered. Pieces displaying evidence of patination or leaching were avoided, as 
this could indicate weathering post-burial and might impact upon chemical composition. Flakes and 
fragments displaying visual signs of fire-induced damage, such as cracking, crazing, potlids, colour 
change, and shrinkage, were similarly excluded. Where present within assemblages, such specimens 
were burnt to the point of cracking, beyond the stage where knapping quality would have been 
improved, and did not display the characteristic glossy sheen of intentional heat alteration (Coulson 
et al., 2011; Staurset, 2014).  As noted previously (Nash et al., 2013b), at this stage, we would not 
recommend the use of our approach on artefacts that have been pre-treated in this way. Recent work 
by Schmidt et al. (2013) has shown, for example, that heat-treatment of silcrete leads to the loss of 
chemically-bound silanole water from silica minerals and the hardening of the material through the 
formation of new Si-O-Si bonds. These processes have the potential to affect the SiO2 content of 
samples. As yet, the impact of heating upon concentrations of other major and trace elements within 
silcrete (e.g., due to the dehydration of clay minerals) is not known. This topic is, however, 
presently under experimental investigation (by the lead author and Patrick Schmidt). 
Geochemical and statistical analyses  
The protocol used to determine the chemistry of samples within the silcrete geochemical 
database is described in Nash et al. (2013a, b). Archaeological manufacturing waste flakes from 
RC, CC, and ≠Gi were analysed using the same protocol by ALS Minerals, Seville, Spain, in 2013 
and 2014. For brevity, the procedure is only summarised here. All waste flake samples were first 
fine-crushed, split, and then pulverised in an agate mill to 85% passing 75 μm or better. Major 
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oxide percentages and base metal concentrations (ppm) were determined using a Varian 700 series 
ICP-AES instrument; volatile, trace, and rare earth element concentrations using an Elan 9000 ICP-
MS; total C using a Leco induction furnace; and total S using a Leco sulphur analyser.  
Results and detection limits for the 86 raw material samples within the silcrete geochemical 
database are included in the supplementary data of Nash et al. (2013a), along with data for the 14 
artefacts analysed from WPS. Equivalent results for the 68 archaeological manufacturing waste 
flakes from RC, CC, and ≠Gi are given in the SOM Supplementary Dataset for this study. Quality 
control certificates SV13095984 (RC and CC) and SV13217190 (≠Gi) issued by ALS Minerals on 
26 July 2013 and 28 January 2014, respectively, apply to the analyses of archaeological materials. 
Following Nash et al. (2013a, b), geochemical data were analysed by canonical discriminant 
analysis (CDA) using the SPSS statistics package. A total of 60 major, trace, rare earth, and volatile 
elements per sample were included within the analysis, with loss on ignition omitted due to issues 
of autocorrelation with CaO. Where concentrations of elements were below detection limits, values 
were considered to be zero. Geochemical data for the 86 silcrete raw material samples were grouped 
according to geographical area (Boteti River, Lake Ngami, Okavango River, Xaudum Valley) prior 
to statistical analysis. These areas have been shown to form four distinct silcrete geochemical 
domains, due to regional differences in elemental composition, in turn controlled by variations in 
the mineralogy of the host sediments incorporated within the silcrete fabric (Nash et al., 2013a). 
Manufacturing waste flake samples from each archaeological site were left uncategorised and 
entered independently into the discriminant analysis in turn. CDA was used in preference to 
statistical techniques such as principal components analysis (PCA), since (i) the results of PCA are 
strongly affected by missing data and/or zero values within a dataset (in this case chemical elements 
that are below detection limits for some samples), and (ii) the use of PCA on a sample of less than 
100 containing a large number of variables may produce statistically invalid results (Tabachnick 
and Fidell, 2001). 
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Results 
 
Geochemical fingerprinting 
Plots of the first two functions arising from the CDA are shown in Fig. 7a-d. Each plot includes 
data for all the raw material samples, with results for artefacts from CC, RC, ≠Gi, and WPS, 
respectively, superimposed as red triangles. The plots demonstrate clearly the statistical difference 
between the four silcrete geochemical domains in northwest Botswana and northeast Namibia, with 
raw material samples from the Boteti and Okavango rivers, Lake Ngami, and the Xaudum Valley 
falling into discrete, non-overlapping clusters. Levels of statistical significance for the raw material 
analyses are reported in Nash et al. (2013a).  
Fig. 7a-d suggests strong visual overlap between the chemistry of many of the artefacts from CC 
and WPS and the raw material clusters, and less strong agreement for artefacts from RC and ≠Gi. 
The plots are, however, two-dimensional representations of three-dimensional datasets (the CDA 
generated three discriminant functions; SOM Tables S3-S5) and, therefore, require more than visual 
interpretation. In order to assess with statistical confidence whether an archaeological waste flake 
originated from a particular source area, it is necessary to test if the flake falls within a critical 
distance of the centre of a raw material cluster (the group centroids shown on Fig. 7); this is 
determined using a measure called the squared Mahalanobis distance (D2). The D2 value for each 
archaeological sample is given in SOM Tables S3-S5, for both the statistically closest and second 
closest raw material cluster. Waste flakes were allocated to a specific source area if D2 was less than 
or equal to a critical value of 11.34. This value was calculated using the IDF.CHISQ(p,df) function 
in SPSS (assuming a cumulative probability of p ≤ 0.01 and 3 degrees of freedom), and is a 
conservative measure of ‘fit’ to a cluster equivalent to the 99% level of statistical confidence. The 
statistically most probable source area for each waste flake is shown in Tables 2–4.  
The results for CC (Fig. 7a, SOM Table S3) provide further evidence of the significance of 
silcrete from the Boteti River and Lake Ngami as a raw material resource during the MSA. The data 
16 
 
exhibit a similar pattern to those for WPS (Nash et al., 2013a), plotting tightly around the respective 
group centroids on the discriminant function diagram, although the range of values for Function 1 is 
wider. On the basis of the D2 values, 14 of the 26 waste flake samples fall statistically within a raw 
material cluster. Of these, six can be attributed to the Boteti River (samples CC 14, 17–19, 21, 26) 
and seven to Lake Ngami (CC 5, 6, 12, 13, 16, 20, 22; Table 2). One waste flake (CC 24) falls 
within the raw material cluster of silcrete from the Okavango River, the first of the 82 samples so 
far analysed using our new provenancing approach to do so. It is not possible to state with certainty 
whether the silcrete block from which flake CC 24 was struck was transported from the Shakawe 
area (sites BOT11/7 and 11/8, Botswana) or from near Shambyu (site NAM11/1, Namibia; Fig. 1), 
since the clusters of samples from these two areas partly overlap in Figure 7a. However, raw 
material samples from Shakawe exhibit more positive values for Function 1 than those from 
Shambyu, so it is statistically more likely that the silcrete block came from Shakawe. Regardless, 
this result confirms that Okavango silcrete was used for stone tool production during the MSA by 
the peoples who frequented Tsodilo Hills.  
Simple visual inspection of Figure 7b suggests that none of the 18 sampled archaeological waste 
flakes from RC fall within a raw material cluster. However, the chemistry of three flakes (RC 2, 8, 
13; Table 3) matches statistically that of silcrete from the Boteti River at the 99% confidence level 
(SOM Table S4). A similar pattern emerges for ≠Gi. The results in Figure 7c indicate a much wider 
range of values for Function 2, suggesting greater chemical variability within the silcrete waste 
flake samples, with limited overlap between artefact distributions and the raw material clusters. 
However, two of the 24 waste flakes (≠Gi 15, 34) match statistically the signature of silcretes from 
the Boteti River (SOM Table S5).  
Considering these results as a whole, and presenting a highly conservative estimate of raw 
material procurement patterns, ~23% of the sampled waste flakes from CC are statistically most 
likely to have been manufactured from silcrete blocks sourced from the Boteti River, ~27% from 
Lake Ngami, and ~4% from the Okavango River. By the same conservative measure, ~17% of the 
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silcrete artefacts from RC and ~8% from ≠Gi appear to have been sourced from the Boteti River. 
These results are presented spatially in Figure 8. The figure highlights the importance of silcrete 
sources along the Boteti River for the peoples who used CC, WPS, and to a lesser extent, RC and 
≠Gi, during the MSA. The Boteti is approximately equidistant from both Tsodilo Hills and ≠Gi, 
with site BOT 11/43 at c. 250 km and BOT 11/41 at c. 295 km (see Fig. 1). The distance over which 
silcrete was transported on the ground to Tsodilo and ≠Gi, most likely avoiding the margins of the 
Okavango Delta swamps, would have been even greater. Outcrops around the southern margin of 
Lake Ngami were important silcrete raw material sources used at CC and WPS during the MSA, but 
not apparently at RC and ≠Gi. Lake Ngami is c. 220 km in a direct line from Tsodilo Hills. Silcretes 
along the Okavango River, most likely those outcropping around Shakawe, represented a minor raw 
material source during the MSA for the users of CC only, despite being only c. 60 km distant from 
the site. Significantly, silcretes from the Xaudum Valley, c. 50 km from Tsodilo Hills and c. 80 km 
from ≠Gi, are completely absent from the samples analysed. 
A large number of artefacts from CC, RC, and ≠Gi could not be attributed with statistical 
confidence to specific source area clusters. Following the argument developed by Nash et al. 
(2013a) on the basis of data for WPS alone, it could be inferred that all of these outlying artefacts 
were knapped from silcrete blocks obtained beyond the sampling area. The availability of data for 
three additional sites, however, permits a more nuanced approach. The most extreme outliers (taken 
here as those samples with D2 values in excess of 25.00; CC 1, 2, 4, 8, 9, 25; RC 1, 4, 5, 10, 14–16; 
≠Gi 3, 5–7, 9, 10, 12, 13, 18, 19, 21, 22, 24–30, 35) have chemistries so statistically different to 
silcretes from the Boteti and Okavango rivers, Lake Ngami, and the Xaudum Valley that they are 
most likely to have originated outside the raw material sampling area. In the case of ≠Gi—at the 
westernmost margin of the sampling area—it is possible that these silcretes originated in northeast 
Namibia. The remaining samples (CC 3, 7, 10, 11, 15, 23; RC 3, 6, 7, 9, 11, 12, 17, 18; ≠Gi 11, 17) 
all fall just beyond the critical D2 value for the Boteti River and Lake Ngami raw material clusters. 
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This makes it highly likely that they were sourced from either the Boteti or Lake Ngami, but this 
cannot be stated conclusively.  
An interesting question is why—once extreme outliers are excluded—the remaining waste flake 
samples from RC and ≠Gi not attributed to source areas exhibit more negative values for Function 
1, relative to both the Boteti River and Lake Ngami raw material clusters and the artefact data from 
CC and WPS (Fig. 7). The answer is most likely related to lower concentrations of the chemical 
elements that make the greatest contribution to the function in these samples (e.g., Al2O3, K2O, and 
Lu; see Nash et al., 2013a). There are three possible reasons why such lower concentrations may 
occur. First, it may be that ion exchange has taken place since burial, such that the chemical 
fingerprint of individual artefacts has been altered relative to their raw silcrete source. This is, 
however, unlikely to have had a major impact on artefact chemistry, given low silcrete porosity 
values (see below) and our deliberate avoidance of obviously weathered materials during waste 
flake selection. Further, if ion exchange had occurred, the effects should be greatest for ≠Gi (a 
periodically flooded open-air site) and least for RC (a relatively dry cave site), with intermediate 
impacts for CC and WPS (sites beneath the overhangs of rock shelters)—this is not the case. 
Second, it may be that some of the artefacts from RC and ≠Gi were sourced from an unknown 
silcrete locality (or localities) within the study area with a different chemical signature. This is a 
possibility, but, given the statistical proximity of many samples to raw material clusters, the 
chemistry of any such locality must be only slightly different to that of the Boteti River or Lake 
Ngami. The third, and in our view most likely, reason is that the point-sampling approach used to 
construct the silcrete database has not captured fully the inhomogeneity of the silcrete localities 
around Lake Ngami and along the Boteti. In other words, while the main localities may have been 
characterised, not all sites within these localities have been sampled. Both the Boteti River and 
Lake Ngami contain extensive areas of outcrop; relatively limited variability in the modal 
proportions of clay and/or feldspar within the silcrete host sediment between outcrops could 
account for such chemical variation within samples. 
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Petrological analyses 
During the course of previous geochemical provenancing work, Nash et al. (2013a: 287) 
identified that silcretes from the Boteti River, Lake Ngami, Okavango River, and Xaudum Valley 
were "equally fine-grained and well-cemented, and... therefore likely to be of equivalent quality for 
tool manufacturing purposes"  when viewed in outcrop and hand specimen. The results of 
petrological analyses confirm that the similarities between sites identified at these scales also extend 
to the silcrete micromorphology (Fig. 9). Silcretes from all four areas consist of well-rounded to 
sub-angular quartz grains, with minor proportions of feldspar and heavy minerals, cemented by 
silica. All samples were extremely well-indurated with very low (less than 1%) pore space present. 
Microquartz, cryptocrystalline silica, and chalcedony were the dominant cement types (e.g., Fig. 9a-
c), with chalcedony cement present to a greater extent in some samples (e.g., Fig. 9c). All exhibit 
relatively simple microfabrics, confirming their formation in a non-pedogenic setting. 
The major difference between samples was the size of host sediment grains. Unsurprisingly, 
given their deposition in low energy environments downstream of the Okavango Delta, the median 
grain size of quartz particles within silcretes from the Boteti River (Fig. 9a) and Lake Ngami (Fig. 
9b) was small compared to those from the higher energy Okavango River (Fig. 9c) to the north. 
Samples from the Xaudum Valley (Fig. 9d), which rises close to the Botswana/Namibia border, 
contained a higher proportion of rock fragments in addition to rounded quartz grains, with a similar 
range of particle sizes to silcrete from the Okavango River. There were also minor differences in the 
relationship between host sediment grains and cements in some samples. Silcretes from the Boteti, 
Lake Ngami, and Okavango all exhibited a grain-supported fabric (sensu Summerfield, 1983), 
suggesting that they had developed by the simple cementation of a pre-existing sediment by silica. 
In contrast, samples from the Xaudum had, in places, a floating-fabric and a higher proportion of 
chalcedony cement (sometimes accompanied by patches of calcite; Fig. 9d), with the characteristics 
of the silcrete fabric suggesting that outcrops had formed by the gradual silicification of a valley 
calcrete (Nash and Shaw, 1998; Nash and McLaren, 2003; Nash et al., 2004; Nash and Ullyott, 
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2007). Pending controlled experiments, it appears unlikely that the knapping properties of the 
silcretes from the four sampling areas would be affected by these slight differences in 
micromorphology. 
 
Discussion 
The results of geochemical fingerprinting make it possible to test key assumptions underlying 
models of human mobility related to lithic raw material procurement as outlined in the introduction. 
In the context of this study, these are: (i) that the closest silcrete source would have been exploited 
for tool manufacture first, and (ii) that all available silcrete sources would have been utilised. Given 
these scenarios, it would be expected that silcrete artefacts sourced from the Okavango River and 
Xaudum Valley would be well-represented in the archaeological assemblages from the Tsodilo 
Hills sites, with silcrete from the Xaudum dominating at ≠Gi. Instead, where the provenance of 
artefacts can be ascertained, Figure 8 suggests a predominant use of distant silcrete sources over 
nearby quarries, with only one artefact sourced to the Okavango River (sample CC 24) and none to 
the Xaudum. This is surprising, as silcrete sampling sites along both the Okavango and Xaudum 
contained diagnostic MSA lithic material. For example, the quarries on the Okavango in northern 
Botswana (Fig. 1, sites BOT 11/7 and 11/8) were littered with well-made MSA points and other 
characteristic knapping debris from this period. This confirms that the silcrete sources in these areas 
were both known and used to obtain material for tool production during the MSA. However, at 
Tsodilo Hills, they were clearly a minor resource (in the case of Okavango silcrete) or apparently 
not used (Xaudum silcrete). Evidently, the two main assumptions underpinning models of human 
mobility and lithic raw material procurement do not always apply. This unexpected mode of raw 
material acquisition was found at all of the tested sites presented here and previously (Nash et al., 
2013a), indicating that this behavioural pattern was common, and repeated, during the MSA in this 
region. The remainder of this paper will discuss possible explanatory factors for this behaviour, 
including a consideration of (i) raw material transport as part of lithic production strategies, (ii) 
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variations in raw material source accessibility over time, and (iii) potential territories, foraging 
ranges, and other sociocultural factors. During the course of this discussion, the implications of our 
results for the understanding of prehistoric mobility, and models thereof, will be explored.  
Raw material transport as part of lithic production strategies 
While a number of factors are likely to have influenced human movement through the Kalahari 
landscape during the MSA, the limited number of lithic raw material sources in this region (see Fig. 
8) would, presumably, have made their location an important factor in the shaping of foraging trips 
or seasonal/yearly rounds. Combined with the identification of long-distance import, this scarcity 
leads to two interconnected suppositions: (i) MSA people in this region had extensive knowledge of 
the landscape and its resources; and (ii) they were capable of pre-planning, anticipating needs for 
future stone-tool production, and adjusting their behavioural patterns to suit these needs (see also 
Nash et al., 2013a). The provenancing of silcrete artefacts in this study is not only significant in that 
it offers rare evidence of prehistoric mobility; it also provides access to the lithic production, tool 
usage, and wider behavioural patterns into which procurement strategies are embedded.  
A common method for mapping prehistoric mobility by lithic raw material provenancing is 
through the use of behavioural models based on transport cost (see Table 1). In these models, the 
use of raw material from local or nearby sources is assumed to incur a lower transport cost and 
would, therefore, be expected to be more habitual than the exploitation of distant raw materials, 
regardless of whether the import is direct or via exchange between groups. In order to reduce the 
volume (and hence weight) of stone transported, lithic raw materials from more distant sources 
would also be expected to be smaller and/or at a later stage in the production process when 
compared to more locally derived materials (e.g., Newman, 1994; Beck et al., 2002; Clarkson and 
Bellas, 2014). Through the assessment of distance-decay curves or drop-off rates, behavioural 
models commonly predict the accumulation of early stage lithic production close to raw material 
quarries, with an increase in more heavily reduced or recycled tools correlated with increased 
distance from source (e.g., Blades, 1999; Close, 2000; Beck et al., 2002; Amick, 2007; Carter and 
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Shackley, 2007; Blumenschine et al., 2008; Brown, 2011; Clarkson and Bellas, 2014; Ekshtain et 
al., 2014). This behavioural pattern has been identified, for example, in the MSA of East Africa 
(Ambrose, 2012), where the plotting of obsidian frequencies on distance-decay curves has revealed 
mobiliary and socioterritorial organisation strategies.  
In addition to distance from site, knapping quality is a potential discriminating factor for the 
selection of raw material sources (e.g., Gould and Saggers, 1985; Bamforth, 1990; Brantingham et 
al., 2000; Jones et al., 2003; Minichillo, 2006; Wilson, 2007; Wurz, 2010; Porraz et al., 2013a; 
Gopher and Barkai, 2014; Pleurdeau et al., 2014). Various lithic production strategies require (or 
are adapted to) diverse raw material characteristics such as grain size, fracture modes, inclusions, 
and block size. The quality of the imported raw material when compared to locally available stone 
should then be expected to outweigh the cost of its transport (see also Gould and Saggers, 1985; 
Andrefsky, 1994, 2009). 
Following these arguments, the imported silcrete at MSA sites in northwest Botswana would be 
expected to be: (i) volumetrically limited, (ii) in late stages of production or use, and (iii) of a 
significantly higher knapping quality than the locally available raw material. Raw materials from 
distant sources should not be embedded in on-site production but, rather, chiefly represent singular 
imports of finished tools (e.g., Close, 2000; Smith, 2010). Surprisingly, these predictions were 
either only partially matched, or contradicted, by the results of our investigations.  
In terms of volume, the greater than expected preference for imported raw materials at Tsodilo 
Hills during the MSA has already been noted. At RC, more than 19,000 artefacts in non-locally 
available raw material (chiefly chert and silcrete) were recovered alongside locally available quartz 
and quartzite (Robbins et al., 2000b; Coulson et al., 2011; Staurset, 2014). The likely sourcing of 
archaeological silcrete samples to the Boteti River suggests the lengths to which MSA people at RC 
were willing to travel to acquire non-local raw material. The CC assemblage (c. 5100 artefacts) was 
dominated by quartz shatter, but non-local chert and silcrete still comprised c. 25% of the total 
(Staurset, 2014). Combined, the transport distance and the sheer volume of imported material at the 
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Tsodilo Hills sites are far from indicative of singular, selective imports. Transport cost does not 
appear to have been the dominant determining factor in raw material acquisition practices at these 
sites.  
The raw material acquisition pattern for ≠Gi may have been different, as silcrete was used less 
regularly in lieu of chert, chalcedony, and quartzite (Kuman, 1989; Brooks et al., 2006). Only two 
archaeological samples from this site could be provenanced with statistical confidence—both to the 
Boteti River—while a larger number of samples probably originated outside the study area. A range 
of factors may have influenced resource acquisition strategies. As mentioned above, ≠Gi is located 
close to northeast Namibia, where potential silcrete localities remain unmapped. Unlike the Tsodilo 
Hills sites, ≠Gi is situated in an open landscape and archaeological evidence strongly supports its 
use as a specialised hunting site (Kuman, 1989; Brooks et al., 2006). In contrast, the Tsodilo sites 
have been interpreted as chiefly occupational (WPS and CC: Robbins et al., 2000a; Staurset, 2014) 
and ritual (RC: Coulson et al., 2011; Staurset, 2014) sites. Regardless, silcrete was imported over 
long distances to ≠Gi. 
In terms of stage of production and/or use, rather than being dominated by tool blanks or 
finished tools, as might be expected from predictive models of raw material acquisition, the 
recovered silcrete artefacts at RC and CC spanned almost the full chaîne opératoire cycle. This 
included cores in various stages of exhaustion: large flakes with partial cortex, debris from blank 
production, tool shaping, and retouching, along with finished tools. Examples of various production 
stages can be seen in Figure 10, showcasing characteristic samples from two silcrete groups, one 
from RC (likely provenanced to the Boteti River) and one from CC (to Lake Ngami). Based on the 
silcrete type groups established by hand specimen characteristics and refitting (SOM Tables S1-S2), 
artefacts in both locally and non-locally available raw materials were brought to these sites in a 
range of stages, as (partially prepared) cores, blanks, and tools. These finds contradict expectations 
from predictive models of raw material acquisition; transport costs would have been significantly 
lessened if only finished tools or blanks had been imported. As similar lithic import practices were 
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found at nearby WPS (Nash et al., 2013a), these behaviours may be more common than previously 
thought. 
The chaîne opératoire stages at ≠Gi cannot at present be compared directly to the Tsodilo sites, 
due to fewer samples being provenanced with statistical confidence and the more limited artefact 
categories available for study. In contrast to the Tsodilo Hills sites, the ≠Gi point assemblage was 
generally highly curated and commonly exhibited evidence of resharpening or recycling (Helgren 
and Brooks, 1983; Kuman, 1989). This behaviour complies with predictive models for high 
transport costs, but here is evident on artefacts produced chiefly in presumably local raw material. 
The contrasts in curation could, potentially, be a result of the different site uses noted above. 
In terms of quality, the difference in locally available and imported lithic raw materials is 
marked at all sites. At Tsodilo Hills, quartzite and quartz can be readily acquired, while chert, 
chalcedony, and jasper are reported to be locally available at ≠Gi (Brooks et al., 2006). As the 
production of heavily retouched points generally requires homogeneous lithic raw materials with a 
conchoidal fracture, the necessity for these materials would appear to be a likely reason for 
importing non-local stone to Tsodilo Hills. The locally available quartzite does not appear to have 
been sufficiently fine-grained to produce such points. However, Tsodilo Hills quartz is glassy, and 
numerous points in this material were found at both CC and RC. These points are generally of the 
same size and appear to have been manufactured using very similar techniques to those made in 
non-locally available chert and silcrete (Coulson et al., 2011). A similar pattern is visible at ≠Gi, 
where there is no clear typological or technological difference between points in locally and non-
locally available raw material. Consequently, pending experimental replication and fracture testing 
(see conclusions), raw material import was apparently not necessary to produce the preferred MSA 
point types.  
Overall, if models based purely on distance-decay curves or drop-off rates were used to explore 
the lithic record at CC and RC, silcrete was used at these sites in a manner expected of local rather 
than imported lithic raw material. Silcrete has clearly been transported to the sites in large volumes, 
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at various stages of production, and in combination with locally available raw material that 
apparently could be used to produce the same tools. In the case of ≠Gi, the higher number of silcrete 
flakes from unknown sources results in a more complex picture. Nonetheless, long-distance import 
of silcrete is also evident at this site. This confirms the results from similar investigations at WPS 
(Nash et al., 2013a), allowing this behaviour to be considered a repeated regional pattern. These 
results highlight the need for the consideration of additional factors not included within predictive 
models when mapping prehistoric mobility patterns.  
Raw material source accessibility over time 
The majority of studies that utilise stone procurement patterns to reconstruct past human 
mobility predicate their analyses on the assumption that, unless exhausted, lithic raw material 
sources were always available. This is probably true for most environments and stone types. 
However, in the case of the Kalahari, silcrete outcrops occur most commonly in low-lying 
landscape positions (e.g., adjacent to rivers, within valleys, or at lake margins; see Nash and 
Ullyott, 2007) and, therefore, have the potential to become inaccessible as a result of changing 
hydroclimatic conditions. This can be seen today, where, for example, above average discharges 
through the Okavango Delta in recent years have led to flooding in the Boteti River and the 
inundation of the majority of silcrete outcrops along the river bed. Changes of this type during the 
MSA would have had major implications for raw material accessibility and, almost certainly, 
patterns of mobility.  
The impact of past environmental changes upon resource accessibility can be explored through 
the well-resolved palaeoclimate records available for northern Botswana, notably chronologies 
derived from speleothems at Gcwihaba Cave (~50 km south of ≠Gi) and palaeolake shorelines 
within the Okavango-Makgadikgadi drainage system (see Fig. 11 and references therein). The 
chronology for Gcwihaba Cave comprises dated periods of speleothem growth and can be read 
essentially as a record of phases of wetter climate separated by inferred drier intervals. The 
chronology from the Okavango-Makgadikgadi drainage system, which includes the Okavango 
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Delta, Lake Ngami, the Mababe, and Makgadikgadi depressions and low-lying areas along the 
Chobe River (Fig. 11 inset), requires more careful interpretation. The record comprises dated lake 
highstands within individual basins (dark blue bars), inferred ‘mega-lake’ phases when all of the 
basins were filled (light blue bars), and drier episodes when calcrete development took place 
(yellow hatched bars). However, it is not a direct reconstruction of regional rainfall variability, 
since the system is fed primarily by rain falling over the Okavango River catchment in Angola 
(Thomas and Shaw, 1991). Rises in lake levels during the MSA are therefore more likely to have 
reflected enhanced tropical rainfall further north than locally wetter conditions—although, as 
Burrough et al. (2009b) identify, the existence of large surface water bodies could lead to increased 
local moisture availability due to feedback effects. Subtle tectonic movements may also have 
impacted upon the low-gradient drainage network in the past and led to the diversion of flow from 
the Zambezi River towards the Palaeo-Makgadikgadi system (e.g., Nugent, 1990). Alternatively, as 
occurs today at times of enhanced flood, high discharges in the Zambezi and Chobe rivers may have 
caused a backing up of water behind the Chobe/Zambezi confluence and the reversal of flow 
towards the Palaeo-Makgadikgadi system (Shaw and Thomas, 1988; Thomas and Shaw, 1992; 
Burrough and Thomas, 2008). 
Regardless of their specific cause, periods of higher lake levels would have had a major impact 
upon the accessibility of silcrete raw materials and, hence, mobility patterns. Plotting the altitude of 
silcrete sampling sites around the southern margin of the Ngami basin (Fig. 12), for example, allows 
the position of potential quarries to be compared against the palaeolake record for the MSA. During 
the four millennial-scale mega-lake phases centred on 105, 92, 65, and 39 ka (thousands of years 
ago), when up to 66,000 km2 of present-day Botswana was flooded, water levels in the Ngami basin 
would have exceeded 945 m asl (White and Eckardt, 2006) and only the highest elevation silcrete 
outcrops on the southern lake rim (i.e., BOT11/1 and 11/3) would have remained exposed. Three of 
these mega-lake phases (centred on 105, 92, and 39 ka) are concordant with periods of speleothem 
growth at Gcwihaba Cave (e.g., Brook et al., 1998), suggesting widespread wetter conditions. 
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During the highstands centred on 87, 59, 55, and 46 ka, when water levels would have reached c. 
936 m above sea level (asl) and an isolated lake was present within the Ngami basin (Burrough et 
al., 2007), sites BOT11/1–3 and the upper sections of BOT11/31 would have been accessible. 
However, all other sites would be under several metres of water. 
Similar scenarios can be considered for silcrete exposures along the Boteti River. During the 
four mega-lake phases, all of the sampled potential quarry sites (at altitudes of 923–938 m asl) 
would have been underwater. It is less clear whether the same sites would have been accessible 
when lower level lakes occupied individual basins. However, by analogy with conditions over the 
last five years, it is likely that all silcrete outcrops along the Boteti would have been submerged. 
Periods of regional wetter climate not coincident with lake highstands (e.g., those centred on 77 and 
45 ka within the Gcwihaba Cave record; Figure 11) are likely to have had little or no impact upon 
silcrete accessibility, although they may have influenced other aspects of resource availability such 
as the dispersal of game animals.  
Considering the evidence as a whole, silcretes from the Boteti River and all but the highest 
level exposures around Lake Ngami can only have been available as raw material sources during 
drier interludes of the MSA when lake basins and rivers were not full. Given the distances over 
which silcrete was transported, populations must have been highly mobile during these periods. 
Alternative silcrete sources, possibly requiring the formulation of different mobility strategies, 
would have been needed during regional high lake phases. Our data suggests that these sources 
were not along the Okavango River or Xaudum, so unknown quarries beyond our sampling area are 
most likely. Such suggestions support our previous assertion that the MSA peoples who occupied 
WPS used silcrete from unknown sources during past wetter periods (Nash et al., 2013a).  
Quite why the peoples who occupied the Tsodilo Hills and ≠Gi during the MSA did not utilise 
silcrete from the Okavango River and Xaudum to any great extent is unclear. However, the reason 
is unlikely to be linked to past environmental changes. Sites BOT11/7 and 11/8 are at an altitude of 
~1002 m asl, well above the nearby Okavango River floodplain (c. 995 m asl), and are unlikely to 
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have been inundated during wetter periods. Silcrete sites along the spring-fed Xaudum (997–998 m 
asl) are too far away from, and at too high an altitude above, the Okavango Delta to have been 
affected by backflooding. The Xaudum could only have contained water as a result of heavy 
regional rainfall. However, the only evidence for flooding dates to the LSA (Shaw et al., 1992), 
with no indication of either flow or standing water during the regional wetter episodes centred on 
94, 73, and 45 ka (Fig. 11). Clearly, other explanations are required. 
Potential territories, foraging ranges, and additional sociocultural factors 
Numerous studies have shown that human mobility can additionally be shaped by factors 
including territoriality, foraging strategies, and various sociocultural conventions (see references in 
Table 1). The considerable distances over which silcrete was transported, as indicated by our 
geochemical provenancing results, could suggest the presence of widespread social contacts and an 
expansive range in the Kalahari during the MSA (also see Goodyear, 1979; Ambrose and Lorenz, 
1990; McBrearty and Brooks, 2000; Bamforth, 2009; Ellis, 2011; Sholts et al., 2012; Speth et al., 
2013; Pearce and Moutsiou, 2014; Pearce, 2014; Boulanger et al., 2015). Clearly, with what was 
undoubtedly a low population density, the limits or boundaries of these ranges or potential 
territories would have been open and permeable. They may also have been larger than the 
maximum transport distances of almost 300 km determined by our results, as these only reflect the 
distances over which one raw material for tool production was moved. The existence of territorial 
limits could potentially account for a foraging strategy where apparently useable and equally 
knappable silcrete sources along the Okavango River and Xaudum were bypassed in favour of more 
distant quarries. If these quarries were outside the group’s range limit, they may not have been 
readily accessible. The single sample (CC 24) from the undated MSA deposits at Corner Cave, 
which indicates exploitation of Okavango River silcrete, offers a tantalising glimpse of what could 
represent another period of MSA occupation or possibly an alteration in resource availability.  
While we are still in the initial stages of mapping resource acquisition in the Kalahari, at 
present all four tested sites exhibit unexpectedly high levels of mobility. Our results indicate that the 
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use of silcrete quarries along the Boteti River and at Lake Ngami was a repeated behavioural 
strategy during the MSA. Similar regular long-distance foraging journeys are widely reported 
amongst hunters and gatherers (e.g., Gould and Saggers, 1985; Meltzer, 1989; Malyk‐Selivanova et 
al., 1998; Kaufman, 2002; Burke, 2006; Migal, 2006; Whallon, 2006; Amick, 2007; Ambrose, 
2012; Aubry et al., 2012; Boulanger et al., 2015). For example, Gould and Saggers (1985) describe 
extremely large foraging areas from Australia, where raw materials were obtained from quarries 
almost 300 km away. Such regular or relatively frequent long-distance journeys would have 
provided a flow of information between what were, in all probability, widely scattered social groups 
during the MSA. This could, in turn, relate to the establishment and maintenance of a network of 
social relations that simultaneously would serve as a “safety net” or “buffer” in situations of 
resource scarcity (also see e.g., Whallon, 2006; Aubry et al., 2012; Stiner, 2013). Unfortunately, at 
this stage of our investigations, it is not possible to determine if the procurement of silcrete from the 
Boteti River and Lake Ngami was made by direct or indirect means; addressing this question 
remains a priority for future research.  
A factor that has also been documented to affect hunter-gatherer lithic raw material import is 
the sociocultural significance of individual quarries. There are numerous studies of quarries 
considered to be places of importance in a landscape through ancestral ties, taboos, ownership, or 
even control of access (e.g., Binford and O'Connell, 1984; Meltzer, 1989; Paton, 1994; Ross et al., 
2003). Ethnographic accounts (e.g., Taçon, 1991; Harrison, 2002; Stout, 2002; Ross et al., 2003) 
also offer examples of quarries possessing desirable characteristics and mythic significance (see 
below). Another point for consideration is the inherent power of the stone itself. Good examples of 
this are the well-known Aboriginal leilira blades (e.g., Taçon, 1991; Paton, 1994). These are 
unretouched blanks, each of which is named according to its quarry of extraction, with blades from 
different sources not allowed to be mixed. The sociocultural value of each blade is in the 
indispensable message of knowledge, ownership, power, access, and prestige it communicates. A 
related factor is the choice of stone as a cultural marker. One example is the selection of non-locally 
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available stone for the production of backed artefacts from the Howiesons Poort level at Klasies 
River, South Africa (Wurz, 1999). Here, it is argued, the acquisition of distant raw materials added 
value to the composite artefacts through the cost of procurement as exchange items. As yet, these 
aspects of quarry and stone use exceed the limits of our investigation but may have been factors 
influencing our results. 
A final factor that may also influence raw material source selection is colour preference (e.g., 
Taçon, 1991; Harrison, 2002; Stout, 2002; Barham, 2005; Eerkens et al., 2007). Lithic raw 
materials from RC, one of the sites in the present study, are argued to have been selected due to 
their vivid colouring (Coulson et al., 2011). In an example from the Australian ethnographic record, 
Taçon (1991) notes that certain outcrops of a particularly colourful, iridescent stone were thought to 
imbue a tool’s manufacturer and owner with prestige through their association with powerful, 
dangerous forces. The colour was also linked to life forces considered to be brilliant, luminous, and 
iridescent, making hunting weapons produced from the stone more powerful and effective artefacts. 
In this instance, it was thought that the stone’s killing power came from its source, for it was the 
“power within the stone which saps the life out of its target” (Taçon, 1991:203).  
While it is not feasible to compare modern ethnographic data directly with MSA behavioural 
patterns, these points illustrate the variety and potential scope of sociocultural influences upon 
human lithic raw material acquisition. As has been demonstrated for the Kalahari sites in this study, 
a strict cost benefit approach fails to explain the prehistoric evidence, thus, indicating that even in 
the MSA these influences need to be considered.  
 
Conclusions 
This study has utilised the geochemical provenancing of silcrete raw materials, in combination 
with chaîne opératoire analyses, to explore patterns of human mobility in the northern Kalahari 
Desert during the MSA. New results from Rhino Cave, Corner Cave, and ≠Gi, alongside data from 
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White Paintings Shelter (Nash et al., 2013a), reveal that the long-distance transport of silcrete from 
quarries along the Boteti River and around Lake Ngami was a repeated and extensively-used 
strategy for resource procurement in this region, particularly for the MSA occupants of Tsodilo 
Hills. Silcrete was imported over long distances to all four sites, despite the availability of local 
knappable raw materials (which were also used at all sites) and closer sources of silcrete of 
equivalent quality (which were largely bypassed). Further, it was imported at various stages of 
production (as cores, blanks, and finished tools) and, with the exception of ≠Gi, in large volumes. 
Palaeoenvironmental data constrain the timing of the majority of silcrete import from the Boteti and 
Lake Ngami to regionally drier periods. Further testing is now needed to determine whether the 
behavioural patterns identified are a characteristic of the MSA in the northern Kalahari only or have 
a wider distribution. The knapping capabilities of silcrete from various sources in the study area 
also require experimental replication and mechanical testing to determine conclusively that material 
properties were not a factor influencing silcrete choice.  
The data presented here provide a unique opportunity to rigorously test assumptions 
underpinning the understanding of lithic transport and patterns of early human mobility. Our results 
challenge two of the key underlying features of predictive models using distance-decay curves and 
drop-off rates, and suggest that factors besides transport costs and socioeconomy should be 
considered when mapping human mobility. In addition to being more mobile than would be 
anticipated, MSA peoples in the Kalahari appear to have repeatedly made unexpected, costly 
choices with regard to raw material selection and items to be transported. The drive behind these 
choices cannot be explained by current predictive models, suggesting that base transport cost has 
been overemphasised as a restrictive factor. This study illustrates the need to include factors such as 
source availability/accessibility, raw material quality in relation to lithic production, and potential 
sociocultural influences for models to reflect more accurately prehistoric landscape use choices.  
The power of our approach lies in the joint application of geochemical sourcing with chaîne 
opératoire analysis. This permits the testing of samples embedded within on-site production 
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sequences, and makes it possible to ascertain the stages of artefact import within commonplace tool 
production (as opposed to the import of singular tools or blanks in non-local material). The 
application of a similar approach to other areas of southern Africa, and to timescales beyond the 
MSA, would offer unprecedented opportunities for understanding landscape use, behavioural 
adaptation, and the timing of human occupations, and for the mapping of long-term changes in 
human and hominin mobility.  
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Figure 1. Map of the study area, showing the location of Rhino Cave, Corner Cave, and White Paintings 
Shelter within the Tsodilo Hills (see inset) and ≠Gi, near the Namibian border. Black circles with no fill 
indicate sites where silcrete raw material samples used for geochemical and petrological analysis were 
collected. Infilled black circles indicate sites where surface diagnostic Middle Stone Age artefacts were 
identified during fieldwork.  
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Figure 2. The three sites forming the focus of this investigation: (a) Rhino Cave, (b) Corner Cave, and (c) 
≠Gi. Photograph (a) taken by Trevor Thomas, (b) Sheila Coulson, and (c) David Nash.  
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Figure 3. Stratigraphic cross-sections of the investigated sites. (a) Archaeological sequence from the 1995–
1996 (adapted from Robbins et al., 2000b with permission from Elsevier) and 2004–2006 (from information 
in Coulson et al., 2011) excavations at Rhino Cave. (b) North wall of Corner Cave (after Nick Walker, 
excavation notes). (c) Archaeological sequence from ≠Gi (adapted from Helgren and Brooks 1983, with 
permission from Elsevier). The approximate stratigraphic position of silcrete manufacturing waste flakes 
from Rhino Cave and Corner Cave analysed during this study are shown in (a) and (b) respectively. All 
samples from ≠Gi were taken from units 4 and 5.  
48 
 
 
Figure 4. The 26 silcrete manufacturing waste flakes from the Middle Stone Age layers of Corner Cave, 
Tsodilo Hills, selected for geochemical analysis. Details for each waste flake are given in Table 2. 
Photographed in natural light by Sheila Coulson. 
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Figure 5. The 18 silcrete manufacturing waste flakes from the Middle Stone Age layers of Rhino Cave, 
Tsodilo Hills, selected for geochemical analysis. Details for each waste flake are given in Table 3. 
Photographed in natural light by Sheila Coulson.  
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Figure 6. The 35 silcrete manufacturing waste flakes from the Middle Stone Age layers of ≠Gi initially 
selected for geochemical analysis. Of these, 24 were found suitable for analysis. Samples not used are 
indicated in brackets. Details of the selected waste flake are given in Table 4. Photographed in natural light 
by Sheila Coulson. 
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Figure 7. Results of canonical discriminant analysis of geochemical data from (a) Corner Cave, (b) Rhino 
Cave, and (c) ≠Gi, each showing the first two discriminant functions from the respective analysis. Also 
shown is the equivalent plot for (d) White Paintings Shelter, published previously in Nash et al. (2013a). The 
silcrete raw material samples from the Boteti River, Lake Ngami, Okavango River, and Xaudum Valley form 
four discrete groupings on each of the discriminant plots. The positions of silcrete manufacturing waste 
flakes from each of the four archaeological sites are shown in relation to these groups. Note that the plots are 
two-dimensional representations of three-dimension datasets and should not simply be interpreted visually—
see text for a discussion.  
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Figure 8. Proportions of silcrete artefacts from Rhino Cave, ≠Gi, Corner Cave, and White Paintings Shelter 
sourced at 99% statistical confidence from the Boteti River, Lake Ngami, the Okavango River, and Xaudum 
Valley. The percentages of artefacts at each archaeological site that were transported from unknown 
locations are also shown. Coloured ellipses represent the main areas of silcrete outcrop, with colours 
matching those of the individual bar charts. 
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Figure 9. Photomicrographs of silcrete from the four geochemical domains identified by Nash et al. (2013a): 
(a) Sample BOT11/38/2 from the Boteti River, (b) Sample BOT11/4/2 from Lake Ngami, (c) Sample 
BOT11/7/4 from the Okavango River at Shakawe, and (d) Sample BOT11/11/3 from the Xaudum Valley. 
Samples from the Boteti, Lake Ngami, and the Okavango River consist of rounded to sub-angular quartz 
grains cemented by microquartz with minor chalcedony. Samples from the Xaudum Valley contain rock 
fragments in addition to quartz, have a higher proportion of chalcedony, and some areas of calcite cement. 
All samples are photographed in cross-polarised light. Scale bar on all images is 0.5 mm. Photographs by 
David Nash. 
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Figure 10. Examples of imported silcrete used in Middle Stone Age tool production at Tsodilo Hills: (a) 
Flake with preserved weathered nodule surface, blanks from prepared cores, and a bifacial point from Rhino 
Cave. All artefacts belong to material group 4B (described in SOM Table S2), one sample of which is 
geochemically provenanced to the Boteti River (see Table 2). (b) Partially corticated outer flakes and a blank 
from Corner Cave. All artefacts belong to material group 3D (described in SOM Table S1), one sample of 
which is geochemically provenanced to Lake Ngami (see Table 3). Photographed in natural light by Sigrid 
Staurset. 
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Figure 11. Key palaeoenvironmental records for northern Botswana that span the Middle Stone Age. 
Palaeolake records include lake high-stand chronologies for the four Palaeolake Makgadikgadi sub-basins: 
Makgadikgadi Depression, Chobe enclave backfloods, Mababe Depression, and Lake Ngami. Dark blue bars 
within rows indicate dated lake shoreline ridge accumulation periods. Inferred palaeo-mega-lake phases 
affecting all four sub-basins are indicated by light blue vertical bars. Yellow hatched bars indicate dated 
periods of calcrete formation within the basins and shorelines (see Burrough et al., 2009b for data and 
discussion). Also shown is a composite speleothem record from Gcwihaba (Drotsky’s) Cave. Dark blue bars 
within rows indicate inferred ‘wet phases’ in northwest Botswana, with grey bars representing age errors. 
The inset map (after Burrough et al., 2009a) shows the locations of present-day sumps within the Okavango-
Makgadikgadi system (dark blue) and the area likely to have been inundated during palaeo-mega-lake phases 
(light blue). Data for the Palaeolake Makgadikgadi sub-basins are taken from Burrough et al. (2007, 2009a), 
Burrough and Thomas (2008), and Burrough and Thomas (2008). The speleothem record for Gcwihaba Cave 
is adapted from Burrough et al. (2007) and based on data in Wayland (1944), Cooke (1975, 1984), Cooke 
and Verhagen (1977), Shaw and Cooke (1986), Burney et al. (1994), Railsback et al. (1994, 1999), Brook et 
al. (1996, 1997, 1998), and Robbins et al. (1996b).  
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Figure 12. Positions of silcrete sampling sites BOT11/1-5 and BOT11/31-37 around the southern margin of 
Lake Ngami plotted against Shuttle Radar Topographic Mission (SRTM1) altitudinal data. Inset shows the 
location of the main map within the Ngami basin. Base map created by Frank Eckardt. 
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Table 1. Key influences upon human mobility inferred from studies of lithic raw material procurement patterns and ethnographic data. 
  
Influences upon mobility Example studies 
Availability and location of raw material sources—these 
influence the distance over which lithic raw material is 
transported 
(Binford, 1979, 1980; Kelly, 1988; Bamforth, 1990; Tankersley, 1991; Andrefsky, 1994, 2007, 2009; Barut, 
1994; Merrick et al., 1994; Ambrose, 2001a, b, 2002, 2006, 2012; Beck et al., 2002; Brantingham, 2003, 2006; 
Jones et al., 2003; Kuhn, 2004; Minichillo, 2006; Browne and Wilson, 2013; Barton and Riel-Salvatore, 2014; 
Ekshtain et al., 2014; Pleurdeau et al., 2014; Boulanger et al., 2015)   
Mobility costs—these influence distance-decay curves or drop-
off rates, at what chaîne opératoire stage artefacts are 
transported, as well as rates of tool use/discard and 
retouch/recycling  
(Koerper et al., 1987; Shackley, 1987; Féblot-Augustins, 1993, 1997; Blades, 1999; Ambrose, 2001a, 2006, 
2012; Wallace and Shea, 2006; Amick, 2007; Blumenschine et al., 2008; Andrefsky, 2009; Brown, 2011; 
Clarkson and Bellas, 2014; Pleurdeau et al., 2014) 
 
 
Raw material quality and preference—these influence the 
choice of raw material transported  
(Gould and Saggers, 1985; Bamforth, 1990; Brantingham et al., 2000; Jones et al., 2003; Minichillo, 2006; 
Wilson, 2007; Wurz, 2010; Porraz et al., 2013a; Gopher and Barkai, 2014; Pleurdeau et al., 2014) 
 
Planning depth, risk sensitivity, and stone-tool production 
effort—these influence procurement patterns and their variation 
(Roebroeks et al., 1988; Geneste, 1989; Beck et al., 2002; Ambrose, 2006; Brantingham, 2006) 
Seasonal rounds, group mobility, and foraging strategy—these 
influence when and who is involved in raw material 
procurement 
(Binford, 1980; Gould and Saggers, 1985; Shott, 1986; Kelly, 1988; Ambrose and Lorenz, 1990; Rensink et al., 
1991; Porraz et al., 2008; Browne and Wilson, 2013) 
Territoriality—this can influence raw material source 
availability 
(Féblot-Augustins, 1999; Jones et al., 2003; McCall, 2007; Fernandes et al., 2008; Bamforth, 2009; Aubry et al., 
2012) 
 
Regional interaction, exchange, and social networks—these can 
influence transport distance and resource acquisition through 
direct or indirect means 
(Cottrell, 1985; Meltzer, 1989; Féblot-Augustins, 1999; Ambrose, 2001a, b, 2002, 2006, 2012; Baales, 2001; 
Marwick, 2003; Brantingham, 2006; Whallon, 2006; Wilkins, 2010; Aubry et al., 2012; Porraz et al., 2013a; 
Boulanger et al., 2015) 
 
Sociocultural factors—these can influence the use or choice of 
raw material sources. Examples include taboo, ancestral ties, 
resource ownership, colour preference, sources of power, 
symbolic connotations, and raw material choice as a cultural 
marker. 
(White and Thomas, 1972; Taçon, 1991; Paton, 1994; Wurz, 1999; Harrison, 2002; Stout, 2002; Ross et al., 
2003; Tykot, 2003; Barham, 2005; Tibbett, 2006; Akerman, 2007; Eerkens et al., 2007; Dillian and White, 
2010; Aubry et al., 2012; Speth et al., 2013) 
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Table 2. Details of silcrete manufacturing waste flakes from the MSA layers of Corner Cave, Tsodilo Hills, selected for geochemical analysis.a  
Sample 
ID 
Unit Maximum 
length (mm) 
Maximum 
width (mm) 
Maximum 
thickness (mm) 
Weight (g) Silcrete type 
group 
Description Potential source area 
CC-1 CC 1/4 56–58 cm 
 
 
56-58 cm 
26 15   5   2.12 1B Flake fragment Unknown 
CC-2 CC 2/3 74–76 cm 23 12   6   1.42 1B Flake fragment Unknown 
CC-3 CC 2/7 82–84 cm 25 23   7   3.90 1B Flake Unknown c 
CC-4 CC 2/15 98–100 cm 
ccccccccccmcmcm 
18 13   4   1.08 1B Flake fragment 
 
 
Unknown 
CC-5 CC 1/10 68–70  29 27   6   5.60 2A Flake Lake Ngami b 
CC-6 CC 2/4 76–78 cm 28 16   5   1.98 2A Flake fragment Lake Ngami b 
CC-7 CC 2/6 80–82 cm 20 15   8   1.76 2A Flake 
 
Unknown c 
CC-8 CC 2/9 86–88 cm 21 15   5   1.80 2B Flake fragment Unknown 
CC-9 CC 2/10 88–90 cm 26 18   8   3.00 2B Flake fragment Unknown 
CC-10 CC 2/14 96–98 cm 22 19   6   1.80 2B Flake Unknown d 
CC-11 CC 2/14 96–98 cm 24 22   6   3.50 2B Flake 
 
Unknown d 
CC-12 CC 2/5 78–80 cm 36 32 17 15.79 3A Flake fragment Lake Ngami b 
CC-13 CC 2/14 96–98 cm 31 21   8   5.73 3A Flake fragment 
 
Lake Ngami b 
CC-14 CC 2/10 88–90 cm 22 18   4   1.50 3B Flake fragment 
 
Boteti River b 
CC-15 CC 2/5 78–80 cm 41 19   5   4.06 3D Flake Unknown c 
CC-16 CC 2/7 82–84 cm 25 23   6   3.10 3D Flake fragment 
 
Lake Ngami b 
CC-17 CC 1/10 68–70 cm 20 13 10   2.51 4A Flake Boteti River b 
CC-18 CC 2/5 78–80 cm 20 16   3   1.06 4A Flake Boteti River b 
CC-19 CC 2/6 80–82 cm 19 15   4   1.50 4A Flake fragment Boteti River b 
CC-20 CC 2/7 82–84 cm 29 19   8   2.67 4A Flake fragment Lake Ngami b 
CC-21 CC 2/9 86–88 cm 25 16   4   1.79 4A Flake fragment Boteti River b 
CC-22 CC 2/10 88–90 cm 22 18   4   1.40 4A Flake 
 
Lake Ngami b 
CC-23 CC 1/14 76–78 cm 24 22   6   2.78 4B Flake fragment Unknown d 
CC-24 CC 2/6 80–82 cm 20 11   6   1.49 4B Flake fragment 
 
Okavango River b 
CC-25 CC 2/13 94–96 cm 26 25 13   9.17            6 Flake Unknown 
CC-26 CC 2/17 102–104 
cm 
30 22 11   6.68            6 Flake fragment Boteti River b 
a See SOM Table S1 for details of silcrete type groups 
b Significant at p ≤ 0.01—see text for explanation  
c But marginal to Lake Ngami cluster  
d But marginal to Boteti River cluster 
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Table 3. Details of silcrete manufacturing waste flakes from the MSA layers of Rhino Cave, Tsodilo Hills, selected for geochemical analysis.a  
Sample 
ID 
Unit Maximum 
length (mm) 
Maximum 
width (mm) 
Maximum 
thickness (mm) 
Weight (g) Silcrete 
type group 
Description Potential source 
area 
RC-1 Pit 3, 70–75 cm 27 25 10   7 4B Flake fragment Unknown 
RC-2 Pit 3, 90–95 cm 27 20   5   4 4B Flake fragment Boteti River b 
RC-3 Pit 3, 80–85 cm 21 19   6   4 4B Flake fragment Unknown d 
RC-4 Pit 3, 65–70 cm 26 22   5   3 4T Flake Unknown 
RC-5 Pit 3, 65–70 cm 24 16   6   3 4T Flake fragment Unknown 
RC-6 Pit 3, 55–60 cm 39 25   9   8 4A Flake Unknown d 
RC-7 Quad VW, 165–170 cm 31 26 16 11 4A Flake fragment Unknown c 
RC-8 Pit 3, 70–75 cm 26 30   5   4 4L Flake Boteti River b 
RC-9 Quad V, level 29  
c. 143–150 cm e 
30 16   8   5 4L Flake Unknown d 
RC-10 Pit 3, 45–50 cm 29 20 11   4 4E Flake fragment Unknown 
RC-11 Quad W, level 28  
c. 137–143 cm e 
30 32   9   9 4E Flake Unknown d 
RC-12 Quad TT, level 5 
c. 119–124 cm e 
23 20 13   8 4S Flake fragment Unknown d 
RC-13 Pit 3, 45–50 cm 18 20   6   3 4S Flake fragment Boteti River b 
RC-14 Pit 3, 65–70 cm 33 19   9   4 4V Flake Unknown 
RC-15 Pit 2, 60–65 cm 31 24 12   8 4V Flake fragment Unknown 
RC-16 Pit 3, 80–85 cm 24 23   6   4 4V Flake fragment Unknown 
RC-17 Quad VW, 165–170 cm 32 19   6   4 4H Flake fragment Unknown d 
RC-18 Quad RS, 160–165 cm 26 25 10   4 4H Flake fragment Unknown d 
a See SOM Table S1 for details of silcrete type groups 
b Significant at p ≤ 0.01—see text for explanation  
c But marginal to Lake Ngami cluster  
d But marginal to Boteti River cluster 
e Estimated depths  
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Table 4. Details of silcrete manufacturing waste flakes from the MSA layers of ≠Gi, near Aha Hills selected for geochemical analysis.  
 
Sample 
ID 
Unit Maximum 
length (mm) 
Maximum 
width (mm) 
Maximum 
thickness (mm) 
Weight (g) Description Potential source area 
≠Gi-3 120–130   48 5/6 W BD 29 21   6   4.41 Flake fragment Unknown 
≠Gi-5 120–130   48 5/6 W BD 27 19   8   4.10 Flake fragment Unknown 
≠Gi-6 120–130   48 5/6 W BD 23 18   8   3.45 Flake fragment Unknown 
≠Gi-7 120–130   48 5/6 W BD 23 21   8   3.25 Flake Unknown 
≠Gi-9 120–130   56/8 12/11 D 23 21   9   4.62 Flake  Unknown 
≠Gi-10 120–130   56/8 12/11 A 47 36 16 19.38 Knapping fragment Unknown 
≠Gi-11 120–130   56/8 12/11 A 40 24   7   5.30 Flake  Unknown b 
≠Gi-12 120–130   56/8 12/13 C  
dark + alluv- sand 
39 26   9   7.43 Flake  Unknown 
≠Gi-13 120–130   56/8 12/13 C 
 dark + alluv- sand 
32 29   8   6.16 Flake fragment Unknown 
≠Gi-15 120–130   56/8 12/14 B 29 22   6   4.11 Flake fragment Boteti River a 
≠Gi-17 120–130   56/8 12/14 D  
dark + alluv- sand 
47 32 12 15.48 Flake fragment Unknown b 
≠Gi-18 130–140   56/8 12/14 A 34 29   8   7.32 Flake fragment Unknown 
≠Gi-19 130–140   56/8 12/14 A 29 23 13   7.02 Flake fragment Unknown 
≠Gi-21 130–140   56/8 12/14 C 39 26 18 13.85 Knapping fragment Unknown 
≠Gi-22 130–140   56/8 12/14 C 35 27   6   7.17 Flake fragment Unknown 
≠Gi-24 130–140   56/8 12/14/82 D 40 29 11   8.90 Flake  Unknown 
≠Gi-25 140–150   48 5/6 W  45 30   8   9.08 Flake fragment Unknown 
≠Gi-26 150–160   48 5/6 W BD 45 34 14 17.92 Flake  Unknown 
≠Gi-27 150–160   48 5/6 W BD 50 42 13 28.02 Flake Unknown 
≠Gi-28 150–160   48 5/6 W BD 47 42 10 14.30 Flake fragment Unknown 
≠Gi-29 150–160   48 5/6 W BD 31 30   8   8.28 Flake fragment Unknown 
≠Gi-30 150–160   48 5/6 W BD 29 17 10   6.57 Flake  Unknown 
≠Gi-34 150–160   48/-6 11/26 D 41 32 10   9.00 Knapping fragment Boteti River a 
≠Gi-35 150–160   48/-6 11/26 D 55 32 11 16.28 Flake fragment Unknown 
a Significant at p ≤ 0.01—see text for explanation  
b But marginal to Boteti River cluster 
